Lrp (leucine-responsive regulatory protein) plays a global regulatory role in Escherichia coli, affecting expression of dozens of operons. Numerous lrp-related genes have been identified in different bacteria and archaea, including asnC, an E. coli gene that was the first reported member of this family. Pairwise comparisons of amino acid sequences of the corresponding proteins shows an average sequence identity of only 29% for the vast majority of comparisons. By contrast, Lrp-related proteins from enteric bacteria show more than 97% amino acid identity. Is the global regulatory role associated with E. coli Lrp limited to enteric bacteria? To probe this question we investigated LrfB, an Lrp-related protein from Haemophilus influenzae that shares 75% sequence identity with E. coli Lrp (highest sequence identity among 42 sequences compared). A strain of H. influenzae having an lrfB null allele grew at the wild-type growth rate but with a filamentous morphology. A comparison of two-dimensional (2D) electrophoretic patterns of proteins from parent and mutant strains showed only two differences (comparable studies with lrp ؉ and lrp E. coli strains by others showed 20 differences). The abundance of LrfB in H. influenzae, estimated by Western blotting experiments, was about 130 dimers per cell (compared to 3,000 dimers per E. coli cell). LrfB expressed in E. coli replaced Lrp as a repressor of the lrp gene but acted only to a limited extent as an activator of the ilvIH operon. Thus, although LrfB resembles Lrp sufficiently to perform some of its functions, its low abundance is consonant with a more local role in regulating but a few genes, a view consistent with the results of the 2D electrophoretic analysis. We speculate that an Lrp having a global regulatory role evolved to help enteric bacteria adapt to their ecological niches and that it is unlikely that Lrp-related proteins in other organisms have a broad regulatory function.
Lrp (leucine-responsive regulatory protein) is a global regulator of metabolism in Escherichia coli, affecting expression of at least 30 operons (7, 29) . Targets of Lrp action include operons involved in amino acid biosynthesis and degradation, nitrogen metabolism, one-carbon metabolism, and transport. In addition, Lrp affects a sizeable number of operons that encode fimbrial systems. Lrp activates expression of some operons and represses expression of others, and in some instances the effect of Lrp is modulated by high exogenous levels of leucine and/or alanine. The moderately high abundance of Lrp in E. coli, about 3,000 dimers per cell (40) , is consistent with Lrp playing a global regulatory role.
Here we consider the distribution and function of proteins having sequence similarity to Lrp, herein called Lrp-related proteins. The first such protein described, AsnC, is an activator of asnA, a gene in E. coli involved in asparagine biosynthesis (13, 21) . Lrp-related proteins are sometimes referred to as the Lrp/AsnC family of proteins, and this may be an apt name because the two may represent paradigms for global versus local regulatory roles. asnC controls its own expression and that of adjacent asnA, the two being transcribed divergently (13, 21) . A number of other lrp-related genes are organized similarly with respect to their target genes, including bkdR in Pseudomonas putida (25) , putR in Agrobacterium tumefaciens (8) , putR in Rhodobacter capsulatus (19) , and mdeR in P. putida (18) . Other Lrp-related genes are organized differently with respect to target genes; for example, azlB is the first gene in an operon encoding proteins involved in branched-chain amino acid transport in Bacillus subtilis (4) . There is no direct evidence that AsnC, BkdR, PutR, MdeR, or AzlB controls only a limited number of genes, but we take this as a working hypothesis. Madhusudhan et al. have shown that the abundance of BkdR is 25 to 40 tetramers per cell, and this supports the idea that BkdR is more a local than a global regulator in P. putida (24) .
Lrp from E. coli has limited amino acid sequence identity with most other Lrp-related proteins, in the range of about 29% (see below). On the other hand, E. coli Lrp shares high amino acid sequence identity (between 97 and 100%) with a group of what are almost certainly orthologous proteins from some other enteric bacteria (17) . This high sequence identity is not simply a consequence of these organisms being relatively closely related, because the corresponding nucleotide sequences differ for the most part by more than 10% and greater amino acid sequence variation is expected in the absence of evolutionary constraints (17) . Friedberg et al. speculated that the high degree of sequence conservation might be related to the fact that Lrp with a monomer size of only 164 amino acids must have amino acid sequences that allow binding to DNA, transcription activation, and regulation by leucine. In addition, they noted potential evolutionary constraints upon a regulatory protein that affects expression of many different operons (17) .
Given the considerations above, we focused on an Lrp-related protein from Haemophilus influenzae that we called LrfB (HI1596). LrfB has 75% amino acid identity with Lrp, the highest value among a group of 42 Lrp-related proteins that we surveyed, excluding those from enteric organisms. We entertained three scenarios with respect to a local versus global regulatory function for LrfB: it plays a global regulatory role analogous to that in enteric organisms; it plays a global regulatory role, but perhaps a more modest one that is appropriate for an organism having a genome size about 40% the size of that of E. coli; or it has a local regulatory role, more like that postulated for other Lrp-related proteins. The latter two possibilities seem equally consonant with the amino acid identity value of 75%. We report here the results of studies of LrfB from H. influenzae that we performed to investigate these scenarios.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The E. coli strains used in this study are listed in Table 1 . E. coli cells were grown in L broth (LB) or SSA minimal salts (6) supplemented with 0.2% glucose, 50 g each of proline, isoleucine, and valine per ml, and 10 g of thiamine per ml (sSSA medium). Ampicillin was added at 50 and 100 g/ml for plasmid-containing strains grown in minimal and LB media, respectively. Cultures were grown at 37°C with shaking.
H. influenzae Rd (ATCC 51907) was grown in brain heart infusion medium (Difco) supplemented with 3 g of NAD per ml 10 g of hemin per ml, and 10 g of histidine per ml (sBHI) or in MIc defined medium (2) . Growth was monitored by turbidimetry at A 550 or by measuring protein in samples of cells.
American Type Culture Collection (ATCC) strain GHICS91 has the 498-bp coding region of lrfB (HI1596) together with 356 bp of upstream and 891 bp of downstream DNA cloned into the SmaI site of plasmid pUC18. We designated this plasmid pCS91.
Recombinant DNA methods. The following methods were performed by the indicated published procedures: isolation of chromosomal DNA from H. influenzae by the quick miniprep method of Barcak et al. (2) , transformation of H. influenzae (2) , and DNA sequencing by the Sanger method (35) .
Construction of plasmids and strains. H. influenzae strain CV1526 containing a disrupted lrfB gene was prepared as follows. The 1.2-kb HindII DNA fragment carrying the kanamycin gene cassette from pUC4K (Pharmacia) was ligated to a full-length DNA fragment resulting from an XmnI partial digest of plasmid pCS91, and transformants of strain XL1B (Stratagene) were selected on LB plates containing both 50 g of kanamycin and 100 g of ampicillin per ml. Plasmid pCV309, isolated from one of the transformants (CV1524), contained the kanamycin cassette within the lrfB gene, as determined by restriction mapping. A 1,750-bp EcoRI/BamHI fragment of plasmid pCV309 was purified by gel electrophoresis and introduced into H. influenzae Rd by transformation, selection being for growth on sBHI agar plates containing 10 g of kanamycin per ml. Transformants were tested by PCR using primers HIB-4 (5Ј GGAATTCGCG GTTTTTCATTCTCTTCGTTC) and HIB-5 (5ЈCGGATCCGTTAGAGCATG CCATTGACTGTTC) to verify that the disrupted gene (3-kb PCR fragment) had replaced the resident gene (1.8-kb PCR fragment). One of the amplified fragments was sequenced to confirm that the kanamycin cassette was inserted in the expected position within lrfB, between nucleotides 317 and 318 (A of ATG start codon is position 1). The protein encoded by this construct should have the N-terminal 106 amino acids of LrfB fused to 12 additional amino acids.
Plasmid pCV311 containing the lrfB gene under the control of the trc promoter was constructed as follows. The open reading frame of lrfB was amplified by PCR from template pCS91 using primers HIB-8 (5Ј CCTTTCCATGGGCAAAGAA ATAAAGA) and HIB-9 (5Ј CGGGATCCTTATTTCAATACAAGGAA). The resulting fragment was purified by gel electrophoresis, digested by NcoI and BamHI, ligated to plasmid pTRC99A (Pharmacia) digested with the same enzymes, and transformed into E. coli strain CV1445 (yielding strain CV1528). Sequencing demonstrated that plasmid pCV311 had a complete wild-type lrfB gene downstream from the trc promoter and the ribosome binding site of the vector.
pCV312, a plasmid encoding an LrfB having a six-His tag at its N terminus (6ϫHis-LrfB), was constructed as follows. The lrfB coding region was amplified by PCR using primers HI-10 (5Ј TTCCTTGGATCCAGCAAAGAAATAAAG AAAATGG) and HI-11 (5ЈTTGTTTAAGCTTATTATTTCAATACAAGG) and plasmid pCS91 DNA as the template. The amplified fragment was cut with BamHI and HindIII, ligated to plasmid pQE30 (Qiagen) cut with the same enzymes, and transformed into strain XL1B, yielding strain CV1529. Strain CV1530 containing plasmid pCV313 (identical to pCV312 except for having a kan insertion in lrfB) was prepared as described above using plasmid pCV309 as the template in the PCR.
DNA mobility shift experiments. The reaction conditions were as described in reference 38, except that calf thymus DNA was omitted. The DNA used in these experiments was a 276-bp XbaI/EcoRI fragment containing six binding sites for Lrp upstream from the ilvIH promoter (fragment I in reference 38). Fragments were labeled with 32 P at their ends using reverse transcriptase and dCTP or dATP. 6ϫHis-Lrp was purified as described previously (9) . To prepare 6ϫHis-LrfB and 6ϫHis-LrfB⌬60 (LrfB lacking 60 C-terminal amino acids), strains CV1529 and CV1530 were grown at 37°C with shaking in LB medium containing ampicillin and at an A 600 of 0.7 to 0.8, isopropylthiogalactoside was added to a final concentration of 50 M. After further incubation for 12 h, cells were harvested by centrifugation and six-His-tagged proteins were purified by affinity chromatography on nickel-nitrilotriacetic acid columns as recommended by the manufacturer (Qiagen).
Western blotting. Western blotting was performed as previously described (22) using antibodies against E. coli Lrp (40) and against H. influenzae LrfB. The latter were prepared by the Cornell Center for Research Animal Resources. A rabbit was inoculated with adjuvant containing 0.35 mg of six-His-LrfB; after 2 weeks the rabbit was reinjected with 0.35 mg of protein without adjuvant, and serum was collected 4 weeks after the second injection.
H. influenzae cells were grown in MIc medium to late log phase, and samples were analyzed for total protein and by Western blotting for the amount of LrfB. For the latter, previously described procedures were used with a 1:4,000 dilution of rabbit anti-LrfB antibody and a 1:10,000 dilution of peroxidase-conjugated goat anti-rabbit immunoglobulin G (22) . Similar determinations were made for E. coli strain CV1536, grown in sSSA medium. ). Prior to electrophoresis, samples were boiled for 5 min in 50 l of a solution containing 5% sodium dodecyl sulfate, 5% ␤-mercaptoethanol, 10% glycerol, and 60 mM Tris, pH 6.8, and centrifuged for 5 min. Samples containing 40 to 100 g of protein (about 40 Ci) were analyzed by two-dimensional (2D) electrophoresis following the procedure of O'Farrell (30) . Isoelectric focusing was performed with 2% pH 4 to 8 ampholines for 9,600 V-h, and slab electrophoresis in gels containing 10% acrylamide was carried out for about 4 h. Samples were run in duplicate, fixed, dried, silver stained, and exposed to Kodak XAR film for 2 and 15 h. Quantitation of protein spots was performed by initial manual analysis followed by laser scanning and computerized comparisons with Phoretix software.
Protein and ␤-galactosidase assays. Total protein in samples was determined using the Bio-Rad protein assay kit. For bacterial cultures, cells were centrifuged, washed in 50 mM Tris-Cl, pH 7.5, taken up in an equal volume of Tris buffer, and 0.2 to 1.0 ml samples were sonicated on ice for 2 min using a Sonifier cell disruptor 350 (Branson Sonic Power Co.) equipped with a microtip.
␤-Galactosidase was assayed by the method of Miller (26) with modifications as described previously (22) .
Computer analysis of amino acid sequences. Amino acid sequence comparisons were made using the Gap and Pileup programs of the Genetics Computer Group software package (12) .
RESULTS
A survey of Lrp-related genes. A BLAST search of nonredundant databases (1) suggests that Lrp-related proteins are limited to the domains Archaea and Bacteria. Clearly, not all members of these groups have genes encoding Lrp-related proteins (Mycoplasma genitalium, Mycoplasma pneumonia, Synechocystis sp., and Helicobacter pylori have none), whereas some have the potential to encode several different Lrp-related proteins (H. influenzae Rd and E. coli each have three and Methanococcus jannaschii has two). At the time of this writing, 46 different sequences in E. coli and other organisms showed clear amino acid sequence similarity to Lrp. A summary of percent amino acid identities for pairwise comparisons of these sequences is given in Fig. 1A . Somewhat arbitrarily, three categories can be recognized: pairwise comparisons yielding very high identities (97% or greater), associated with Lrps from a group of enteric bacteria; a relatively small number of pairwise comparisons giving amino acid identities in the range of 50 to 75% (11 comparisons in total); and the remainder, which had less than 50% identities and represent the vast bulk of the comparisons (809 of a total of 820 comparisons). For this last group, the average amino acid identity was 29%, with a standard deviation of 5. (4) were used here where possible. In addition, 12 other Lrp-related proteins identified in unfinished sequencing projects were included: Vibrio cholerae (two sequences), Pseudomonas aeruginosa (four sequences), Archaeoglobus fulgidus (three sequences), Deinococcus radiodurans (two sequences), and M. tuberculosis (one sequence in addition to the two above). The pairwise comparisons for the enterics (E. coli, K. pneumoniae, P. mirabilis, S. enterica serovar, Typhimurium, and E. aerogenes) were made separately and gave values of 97% or higher. All other pairwise comparisons involved E. coli as a representative of the enteric bacteria together with the other 42 other sequences listed above. The pairwise comparisons that gave Ͻ97% and Ͼ50% identities are E. coli Lrp ϫ H. influenzae LrfB (75%), E. coli AsnC ϫ H. influenzae HI0563 (68%), high degree of sequence identity. A similar conclusion is seen from Fig. 1B , which shows positions within Lrp-related proteins that are highly conserved. Only three positions are completely invariant, and only seven other positions are nearly invariant, with but two amino acids observed.
Comparison of lrp-related genes in E. coli and H. influenzae. Both E. coli and H. influenzae have three lrp-like genes. Their map positions and their flanking genes are compared in Fig. 2 . To distinguish between E. coli and H. influenzae genes, we denote H. influenzae genes by including HI identification numbers in parentheses (16) . asnC and asnC (HI0563) are orthologs based upon criteria established by Tatusov et al. (37) , having both high predicted amino acid sequence identity and a homologous flanking region, at least on one side (see the legend to Fig. 2 for criteria and for a definition of ortholog) . The other two lrp-related H. influenzae genes were given gene designations lrfA (HI0224) and lrfB (HI1596) (pneumonic lrprelated family of regulatory proteins). lrfB (HI1596) shows only minimal homology with ybaO (28% amino acid identity), and the two have no flanking regions in common. On the other hand, phylogenetic analysis shows lrfA (HI0224) to be relatively closely related to ybaO and grp (4, 41) .
lrfB (HI1596) and lrp fit all of the criteria for being orthologs. In addition to a high degree of predicted amino acid sequence identity (75%), a common evolutionary relationship is inferred from the fact that both are adjacent to ftsK, a gene involved in cell division (3). However, we argue below that these two genes are in one sense not true orthologs, because their functions have diverged significantly.
Phenotypes associated with an H. influenzae lrfB null allele. H. influenzae strain CV1526 containing a kan insertion in the lrfB gene was created in a transformation experiment employing plasmid pCV309 cut with BamHI/EcoRI. The kan insertion in strain CV1526 is between nucleotides 317 and 318 of the coding region of the lrfB gene and a truncated protein having 118 amino acids should be produced (106 amino acids from LrfB plus 12 others encoded by the insertion) rather than the full-length polypeptide of 166 amino acids. The results of the experiments described below suggest that the truncated LrfB protein has no biological activity. Six-His-tagged derivatives of LrfB and the truncated LrfB were prepared and purified by affinity chromatography on nickel-nitrilotriacetic acid columns. In vitro, Lrp and 6ϫHis-LrfB both bound with high affinity to sites upstream of the ilvlH promoter, but the truncated 6ϫHis-LrfB⌬60 showed no such binding (Fig. 3, compare lanes 4 and  6) . In the absence of specific DNA binding, it is highly unlikely that a truncated LrfB would retain any function in vivo.
H. influenzae strain CV1526 (lrfB::kan) and its parent grew in defined MIc medium with the same doubling time (about 75 min), but the final yield of CV1526 cells was only about 60% that of the parent, as judged by turbidimetry or protein measurements. Microscopic examination showed that strain CV1526 (lrfB::kan) grew in log phase as long filaments rather than as discrete cells (data not shown). This phenotype might be related to some cis effect of the kan insertion on the ftsKrelated region located immediately downstream of lrfB, since some ftsK mutations in E. coli lead to filamentation (3, 14) .
To search for other phenotypes associated with the disrupted lrfB gene, we performed a 2D gel analysis of proteins in extracts of wild-type and mutant H. influenzae strains after cells were grown in MIc medium and pulse-labeled with [ 35 S]methionine. Only two spots were found to reproducibly differ in intensity (Fig. 4) . One of them was more intense in the mutant than the parent (16-fold in one experiment and 5-fold in another; estimated pI 5.57; estimated molecular mass, 44 to 54 kDa), whereas the other was more intense in the parent (5-fold in each of two experiments; pI 6.32; 43 to 51 kDa). The former was visible in gels stained with silver but not Coomassie blue. The latter, abundant enough to be visible in Coomassie-stained gels, was identified after proteolysis and mass spectrometry as asparagine synthetase (EC 6.3.1.1).
To summarize, strain CV1526 grows in a defined medium with an undiminished growth rate but a reduced yield, shows
FIG. 2. Genes related to lrp in E. coli and H. influenzae.
Each horizontal line represents the genome of E. coli or H. influenzae on a scale of 100 units. Arrows represent direction of transcription. The lrp-related genes lrp, asnC, ybaO, lrfA (HI0224), and lrfB are shown together with flanking genes. The percent predicted amino acid identities of proteins encoded by pairs of lrp-related genes is indicated. ftsK* (HI1592, HI1593, HI1594, and HI1595) is related to E. coli ftsK as follows: HI1595 is weakly related to the N-terminal amino acids of FtsK (unfiltered BLAST score, 110), and HI1592 is highly related to the C terminus of FtsK (BLAST score, 1358). Orthologs are homologous genes in different organisms that encode proteins with the same function and that have evolved by direct, vertical descent. Two genes are considered to be orthologs if their predicted amino acid sequences fulfill the following criteria (37): they show higher similarity to each other than to other proteins in either organisms, they show a higher similarity to each other than to homologs from phylogenetically more distant organisms, and they align throughout most of their lengths. In addition, an orthologous relationship between two genes is strengthened if the two are flanked on one or both sides by orthologous gene pairs.
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on December 14, 2017 by guest http://jb.asm.org/ filamentation, and produces at least two proteins in amounts different than the parent. The filamentation may be due to a cis effect of the kan insertion. LrfB abundance in H. influenzae. Western blotting was employed to measure the abundance of LrfB in crude extracts of H. influenzae, using antibodies raised against purified six-HisLrfB (Fig. 5A) . About 0.073% of the total protein was LrfB, corresponding to about 130 dimers per cell (see the legend to Fig. 5 for assumptions used in making these estimates). By comparison, the numbers for Lrp in E. coli are 0.122% of the total protein, corresponding to about 3,000 dimers per cell (40) . The sizeable difference between estimates based upon total protein (1.7-fold higher abundance of Lrp) and upon dimers per cell (23-fold higher abundance of Lrp) is due to the estimated difference in volumes of the two organisms (E. coli is about 14 times larger than H. influenzae).
lrfB partially activates expression from the E. coli ilvIH promoter and represses expression from the lrp promoter. The H. influenzae lrfB gene was cloned behind the trc promoter and introduced into different E. coli strains to determine whether lrfB influenced expression from promoters known to be regulated by Lrp.
Strains CV975, CV1535, and CV1536 (Table 2 ) contain a transcriptional fusion of the ilvIH promoter to lacZ. As demonstrated previously (34) , expression from the ilvIH promoter was more than 30-fold lower in a strain lacking Lrp than in the parent strain (Table 2) . Furthermore, consistent with earlier results (11, 34) , expression from the ilvIH promoter was repressed about 10-fold when cells were grown with exogenous A standard curve prepared using 6ϫHis-LrfB was employed to estimate that 0.073% of the total protein in H. influenzae is LrfB. The number of dimers per cell was calculated assuming that the total protein per unit volume is the same for E. coli and H. influenzae. The following parameters were used in the calculation: total protein per E. coli cell, 0.156 pg (28); volume of an E. coli cell, 0.87 ϫ 10 Ϫ12 ml, calculated from the weight of a cell together with the densities of the components of a cell (28) (a similar number is derived from assuming that the dimensions of an E. coli cell are 0.75 by 2 m); volume of an H. influenzae cell, 0.636 ϫ 10 Ϫ12 ml, calculated assuming dimensions of 0.3 by 1 m (27); LrfB dimer molecular mass, 37.8 kDa.
leucine (Table 2 ). In a strain containing LrfB but not Lrp, expression from the ilvIH promoter was obviously stimulated by LrfB (about 14-fold), but not to the extent observed for an Lrp-containing strain (Table 2) . Thus, LrfB can at least partially substitute for Lrp as an activator of ilvIH expression. Furthermore, that activation is reversed in part by exogenous leucine, as is the case for Lrp-mediated activation of ilvIH expression (Table 2) .
Lrp serves as a repressor of transcription from the lrp promoter (39), although it is not a particularly effective repressor, as judged from the fact that Lrp is a moderately abundant protein in E. coli (40) . To determine whether LrfB can repress transcription from the lrp promoter, we introduced lrfB into a strain containing the lrp promoter fused to a lacZ gene. Overproduction of LrfB effectively eliminated transcription from the lrp promoter (Table 2 ).
An estimate of the amount of LrfB in one of the strains in Table 2 (CV1536) was made by Western blotting (Fig. 5B) . LrfB was about 2.3% of total protein, an amount that is nearly 20 times higher than that of Lrp in wild-type strains of E. coli. In summary, when produced in high levels in E. coli cells, LrfB weakly activates transcription from the ilvIH promoter and strongly represses transcription from the lrp promoter.
LrfB binds in vitro upstream of ilvIH and lrp DNA. In vitro, Lrp binds to six sites upstream from the ilvIH promoter (called sites 1 through 6, with site 6 being closest to the promoter). In DNA mobility shift experiments, two major bands are observed, representing cooperative binding to sites 1 and 2 and to sites 1, 2, 3, 4, 5, and 6 (38) . We compared binding of purified 6ϫHis-Lrp and purified 6ϫHis-LrfB to a DNA fragment containing these six sites. As shown in Fig. 3 , all three proteins gave the same pattern of two bands, suggesting that they all bind to the same sites. The dissociation constant for 6ϫHis-LrfB, estimated from these titration experiments (concentration of protein at which 50% of the DNA was converted to any complex), was about 135 times higher than for Lrp.
DISCUSSION
From analysis of DNA sequences, 46 proteins evolutionarily related to E. coli Lrp are presumed to exist in a variety of eubacteria and archaea. In pairwise sequence comparisons, they show on average 29% amino acid sequence identity, and in a Pileup analysis of 23 sequences there were only three amino acid positions that were entirely conserved. One of those conserved positions, an arginine at position 48 of Lrp, is within a helix-turn-helix region that has been shown to be important for binding of Lrp to DNA (33) . A helix-turn-helix region has 24 amino acids, and the relevant arginine is at position 18. This arginine may represent a signature for Lrprelated proteins, since only 3% of 609 tabulated helix-turnhelix regions have an arginine at that position (32) . While the conserved arginine at position 18 of the helix-turn-helix is the most striking departure from the tabulated values, the distribution is skewed at other positions also, including position 8 (60% valine in Lrp-related proteins, 6% among 609 proteins with a helix-turn-helix region), position 13 (39% threonine versus 6% expected), position 14 (35% proline versus 2% expected), and position 15 (52% cysteine versus 2% expected).
When viewed against the average pairwise amino acid identity of 29%, the group of enteric bacteria having 97% or greater identity stand out as a special class. That high identity almost certainly involves strong selection, as we have argued earlier (17) , and selection, in turn, may result from the fact that Lrp affects expression of many operons (more than 30 in E. coli). A corollary is that most Lrp-related proteins may have more limited roles, regulating the expression of only one or a few operons, with the relatively low sequence identity among them a reflection of a relaxed selection pressure. In this context we chose to investigate LrfB from H. influenzae, a protein having 75% amino acid identity with Lrp. Our results, summarized below, suggest that LrfB does not affect expression of a large number of genes.
In a 2D gel analysis of wild type and lrp mutant strains of E. coli, Ernsting et al. observed differences in 20 proteins for cells grown in a medium containing leucine and 10 other differences for cells grown without leucine (15) . In our similar experiments with wild-type and lrfB mutant strains of H. influenzae grown in MIc medium (which contains leucine), we observed a difference in the rate of synthesis of only two proteins. It might be argued that the H. influenzae genome is only 4/10 the size of the E. coli genome, but even including this factor, a difference a Strains CV975, CV1535, and CV1536 were grown to log phase in sSSA minimal medium containing 50 g of ampicillin per ml (except for CV975). Strains CV1534 and CV1528 were grown in LB medium containing 100 g of ampicillin per ml.
b When present, leucine was at 50 g/ml. c Specific activity is in Miller units. Data are averages Ϯ standard deviations of at least two different experiments, each performed in duplicate.
of eight proteins might be expected (20 ϫ 0.4) if LrfB were a global regulator of a smaller genome. We tried to grow wildtype and lrfB mutant strains of H. influenzae in MIc medium lacking leucine, but both strains stopped growing after nutrients in the inoculum were depleted. We were surprised to learn that the protein that consistently had a lower rate of synthesis in the lrfB mutant strain was asparagine synthetase (encoded by asnA). In E. coli, the transcription of asnA is regulated by asnC, a gene that is immediately upstream and transcribed divergently (13, 21) , and since asnC and asnA are similarly organized in H. influenzae, we assumed a similar regulatory relationship. It remains to be determined whether LrfB directly affects expression of asnA in H. influenzae, or whether it affects it indirectly in some way, for example, by affecting the expression of asnC.
Another phenotype that resulted from a kan insertion in lrfB was filamentous growth. This phenotype could reflect an effect of LrfB upon some gene involved in cell division, but it might be related instead to the location of lrfB upstream of four genes (HI1592, HI1593, HI1594, and HI1595) that together represent ftsK in E. coli. The latter encodes a large putative polypeptide (147 kDa) with predicted membrane spanning regions within an N-terminal domain and a predicted nucleotide binding consensus sequence within a C-terminal domain (3) . One mutation near the proximal end of E. coli ftsK causes a temperature-sensitive block at a late stage in cell division and leads to filamentation (3) and a cat insertion near the middle of the gene gives the same phenotype (14) . There is some question about the location of the promoter(s) for ftsK (3, 7) , but the results of complementation studies suggest that, at least under some conditions, transcription of ftsK may originate upstream from lrp. Furthermore, some unpublished work suggests that overproduction of FtsK may inhibit cell division (L. Gregg-Jolly, personal communication). Thus, the kan cassette insertion in lrfB could lead to filamentation either by reducing transcription of the downstream ftsK region (HI1592, HI1593, HI1594, and HI1595) or by increasing the transcription of this region possibly via a promoter within the kan cassette.
The abundance of LrfB in H. influenzae is noticeably lower than that of Lrp in E. coli (3.5 versus 5.7 M), especially when expressed as dimers per cell (130 versus 3,000). Our recent experiments indicate that 15 to 50% of Lrp in E. coli cells is free (not bound to DNA) (S. Chen, Z. Hao, E. Bieniek, and J. Calvo, unpublished data) and that free Lrp in cells exists primarily as an 8-mer or a 16-mer (S. Chen and J. Calvo, unpublished data) rather than the previously reported dimer (40) . If the association state of LrfB is higher than a dimer, then H. influenzae cells are expected to contain even fewer than 130 molecules per cell. It is generally held that the amount of a regulatory protein must be in reasonable excess over the total number of specific target sites (23) . With but 130 or fewer LrfB molecules per cell, it seems unlikely that LrfB acts effectively at a relatively large number of promoters, given that some substantial fraction of LrfB is expected to be either bound nonspecifically to DNA or free.
The ilvIH operon is a member of the Lrp regulon (7). When produced in E. coli, LrfB functioned to a limited extent as an activator of ilvIH expression. The limited ability to complement might result from low occupancy due to poor binding or to reduced efficiency of bound LrfB in activating transcription (in comparison with Lrp, the binding affinity of LrfB is about 100-fold lower and the amount of LrfB per cell is about 20 times higher). For the case of LrfB acting on lrp expression, the concentration of LrfB produced in these E. coli cells was sufficiently high that expression from the lrp promoter was effectively eliminated. It is not surprising that LrfB functioned more effectively as a repressor than as an activator, because the latter may require specific interactions with RNA polymerase.
It is worth noting that the aforementioned ability of Lrprelated proteins to complement one another is not an isolated case. Lrp partially complemented BkdR action in P. putida (25) , and, likewise, BkdR partially complemented Lrp action in E. coli (B. Tyler and J. M. Calvo, unpublished data). Grp, an Lrp-related protein from Zymomonas mobilis, was a reasonably effective activator of ilvIH expression in E. coli (31) , whereas LrpC from B. subtilis was a modest repressor of this same operon (5) . In addition, an Lrp-related protein from Bradyrhizobium japonicum partially activated ilvIH expression in E. coli, and King and O'Brian speculated that it also competed with Lrp for interaction with the E. coli opp operon (20) . All of these examples suggest that there is some overlap in the specificity of binding of Lrp and Lrp-related proteins. Indeed, our demonstration here that LrfB binds in vitro to sites upstream of the ilvIH promoter provides direct evidence that this is the case.
In conclusion, we present comments on the broader implications of this work, including implications for the role of Lrp in E. coli. Some workers have implied that one or another Lrp-related protein has a global regulatory function merely on the basis of amino acid sequence comparisons to Lrp. We prefer to emphasize the point made by Belitsky et al. that ". . .only the Lrp protein of E. coli . . . is known to be involved in global regulation of cellular metabolism" (4) . We show here that even for LrfB, the protein most closely resembling Lrp, a more limited regulatory role is likely. Thus, our work supports a stronger conclusion that only in enteric bacteria do Lrprelated proteins likely have a global regulatory role. In our view, Lrp evolved as a regulatory protein that could interact with and be influenced by various amino acids, including branched-chain amino acids (BkdR and AzlB), proline (PutR), glutamate (Grp), asparagine (AsnC), and methionine (MdeR) (4, 8, 18, 19, 21, 25, 31) . Presumably, with a limited number of target operons (as with most other regulatory proteins), there were few restraints upon the evolution of new Lrp-related regulatory proteins and that accounts for the observed family of proteins. By this view, Lrp evolved a special global regulatory role in enteric bacteria that helped them adapt to their environment. E. coli lives within a sometimes nutritionally rich intestinal environment or in a presumably less rich environment outside a host, and a postulated role of Lrp has been to help the organism make the transition between these environments (7) . Most other microorganisms do not live in two distinct environments. For example, H. influenzae normally inhabits the upper respiratory tract of humans, a presumably more constant nutritional environment than that of the intestine, and thus may have no need for the global regulatory function of Lrp.
Newman and colleagues have considered Lrp not so much a regulatory protein per se but a member of a class of abundant proteins (HU, HNS, IHF, and Fis) whose functions include organizing DNA and, in some cases, regulation (10) . While it is true that any protein that binds to DNA can be considered a DNA-organizing protein, we think that considering Lrp a DNA-organizing protein may be stretching the concept. The abundance of Lrp dimers per cell, about 3,000, is only about 1/10 of that of the other members of this class. Furthermore, as we have argued above, Lrp-related proteins are basically regulatory proteins like others that may be more familiar, such as members of the LysR family. It seems unlikely that in E. coli Lrp evolved to have a role that was primarily structural.
Sequence comparisons, while commonly used to assign orthologous relationships, are not sufficient for that purpose and the Lrp/LrfB example is a particularly good case in point. For this example, there is even additional experimental evidence for relatedness that we summarize as follows: each protein binds to antibodies raised against the other (data not shown); both proteins bind to similar DNA sequences in vitro; in vitro binding of both proteins to DNA is reduced by leucine; both proteins activate transcription from the ilvIH promoter in vivo; and both proteins repress transcription from the lrp promoter in vivo. Nevertheless, despite all of these similarities, our data strongly suggest that Lrp and LrfB have fundamentally different functions.
